Abstract Double-diffusive natural convection with entropy generation in a two-dimensional enclosure with partial vertical heating and salting sources for an aspect ratio Ar = 4 is investigated in the current study. A numerical methodology based on the finite volume method and a full multigrid technique is employed. The effects of various parameters; the Rayleigh number (10 3 6 Ra 6 2 x 10 5 ), the buoyancy ratio (À8 6 N 6 8), the source location (0 6 g 6 3), the Lewis number (10 6 Le 6 100), and, the source length (0.25 6 d 6 2) on the flow patterns are analyzed. Correlations of average Nusselt and Sherwood numbers are established as a function of two parameters (Ra, d) and (Le, d), respectively. The numerical outcome of the present study shows that, by increasing the Lewis number in the range 10-100, the heat and mass transfer rates are significantly enhanced. In terms of irreversibility phenomena at the steady case, comparison of total entropy profiles with respect to N shows that irreversibility criterion is dominated by entropy generation due to fluid friction. Especial attention is attributed to the periodic flow behavior that appears for N in the range (0.87-0.99) outside of which it remains steady. According to the entropy generation phenomena, total entropy generation S tot and Bejan number Be were observed to oscillate with the same frequency but in opposing phases and with different amplitudes.
Introduction
Double-diffusive natural convection in enclosures has been the subject of intensive studies due to its importance in many fields of researches such as oceanography, astrophysics, geology, biology, chemical processes and, geophysical problems [1] [2] [3] [4] [5] [6] . During the past few decades, many studies on the heat and mass transfer phenomena primarily focused on cavity flows for which the two buoyancy forces act in the same or opposite directions. For instance, Gobin and Bennacer [7] investigated the natural convection flow in a two-dimensional enclosure with cooperating thermal and solutal buoyancy forces. Results showed that at high Lewis numbers (Le), the heat transfer decreases by increasing the buoyancy ratio number (N). It was concluded that this result is due to the formation of stratified zones in the top and bottom parts of the cavity where the fluid velocity is very small, and the heat transfer mainly due to diffusion. Morega and Nishimura [8] applied a Chebyshev collocation method to study the double-diffusive convection in a rectangular enclosure. For Pr = 1, Le = 2 and Ra = 10 5 , the authors demonstrated that the flow feature was indicated by a large clockwise rotating vortex occupying the cavity center. Moreover, they observed the development of two secondary counter-clockwise rotating cells near the corners of the top and bottom walls.
Double-diffusive natural convection in parallelogrammic enclosures has been studied by Costa [9] . He announced that an increase in Rayleigh (Ra) or buoyancy ratio numbers always leads to an increase in the heat and mass transfer performance in the enclosure. He has also reported that selected combinations of aspect ratio (Ar) and inclination angle can provide an extremum overall heat and mass transfer. Makayssi et al. [10] conducted numerical and analytical experiments on natural double-diffusive convection in a twodimensional horizontal shallow enclosure in the case where both short vertical sides are submitted to uniform heat and mass fluxes. They have found that increasing the Rayleigh number value over 100 augments the convection heat and mass transfers. It has been also observed that the buoyancy ratio seems influencing the convection heat and mass transfers only beyond the value 10. Liang et al. [11] examined the unsteady flow pattern of the double-diffusive convection in a rectangular enclosure with opposing gradients for an aspect ratio 4. They reported that the flow regime can be steady, periodic, quasi-periodic or chaotic. For specific buoyancy ratio value in the range (0 6 N 6 1), the authors revealed two types of periodic behavior; the first one with single fundamental frequency, and the second with multiple frequencies. Recently, Teamah et al. [12] investigated the double-diffusive natural convective flow in an inclined rectangular enclosure in the presence of magnetic field and heat source. They studied the effect of thermal Rayleigh number on the flow pattern for var- C  concentration  T  temperature  dif  diffusive  fr  friction  loc  local  SD  standard deviation  th  thermal  tot  total ious parametric conditions. It was found that, for lower values of the thermal Rayleigh number the conduction regime was dominant. In contrast, increasing Ra value leads to increase the heat and mass transfers. For better understanding of the thermosolutal convection phenomena, one can also refer to the works dealing with the effects of driving walls in the case of mixed convection [13] [14] [15] . Natural convection in partially heated enclosure has been studied extensively [16] [17] [18] [19] [20] . However, less attention has been considered for the case of the double-diffusive natural convection with discrete thermal and concentration sources, especially with an aspect ratio greater than 2. Zhao et al. [21] studied numerically the double-diffusive natural convection in a two-dimensional porous enclosure (Ar = 2) saturated with gaseous pollutant where discrete heat and moisture sources are attached to the bottom wall. It was shown that the heat and mass transfer potential can be promoted or inhibited, depending strongly on the porous medium permeability, the thermal and solutal Rayleigh numbers and, the strip pitch. Conjugate heat transfer in a rectangular enclosure with the presence of local heat and contaminant sources has been performed by Kuznetsov and Sheremet [22] . It has been determined, that the increase in buoyancy ratio does not lead to an intensification of heat transfer phenomena. They obtained correlations describing the dependence of Grashof number on average Nusselt and Sherwood numbers. Double-diffusive natural convection in a partially heated enclosure with Soret and Dufour effects has been investigated by Nithyadevi and Yang [23] . They demonstrated that the temperature of maximum density leaves strong effects on the heat and mass transfer due to the formation of bi-cellular structure. Furthermore, they found that heat and mass transfer rate is strengthened for a thermal Rayleigh number increase regardless the thermal source location. Not long ago, Teamah et al. [24] analyzed the steady two-dimensional flow of double-diffusive natural convection heat transfer and fluid flow in a square enclosure with three heaters placed at equal pitches on the left vertical wall. The authors obtained correlations of the average Nusselt number as a function of buoyancy ratio, heater length, Rayleigh and Prandtl numbers. In the same context, further studies dealt with thermosolutal convection in the presence of discrete source and magnetic fields can be also mentioned [25, 26] .
Entropy generation is associated with thermodynamic irreversibility, which is present in all types of heat and mass transfer processes. The generation of entropy destroys the available work of a system. Different sources of irreversibility are responsible for heat and mass transfer's generation of entropy like heat transfer across finite temperature gradient, characteristics of convective heat transfer, viscous, and diffusive effects. For instance, Magherbi et al. [27] analyzed the entropy generation due to thermal, viscous, and diffusive irreversibility in steady state for laminar double-diffusive convection. It was noticed that, local entropy generation due to heat and mass transfer was nearly identical and localized at the vicinity of active walls. Furthermore, for moderate Lewis numbers, the total entropy generation values increase with the thermal Grashof number and seem to be dependent on inclination angle. Another study of Chen and Du [28] investigated the turbulent thermosolutal natural convection in a rectangle cavity. It was found that, for the aiding flow situation (N > 0), total entropy generation increases quickly and linearly with the buoyancy ratio value and that relative total entropy generation rate due to diffusion becomes the dominant irreversibility factor. Another recent study that analyzed irreversibility phenomena for double-diffusive flow has been conducted by Ghachem et al. [29] . The authors showed that, at equilibrium case (N = 1), all entropy generation rates are minimized due to the competition between thermal and compositional forces. In addition, a high Bejan number value is obtained for (N = 1), indicating the domination of entropy generation due to both thermal and diffusive irreversibility effects.
As it is shown in the above cited literature, most researchers choose to study double-diffusive natural convection with discrete pollutant and thermal sources according to the enclosures with Ar less than 2. For this physical model and to the best knowledge of the authors, no interest has been accorded to cavities with Ar of value 4. Furthermore, up to date the study on the irreversibility phenomena is quite sparse and most previous studies just focus on heat and mass transfer characteristics. In this context, it seems that the only study dealing with double-diffusive flow for an aspect ratio equal to 4 was performed by Liang et al. [11] . However, these authors did not considered the case of partial vertical heating and salting sources, but instead, the entire left wall is simultaneously heated and salted. Besides, no attention has been considered to investigate the entropy generation on thermosolutal natural convection within a cavity with (Ar = 4).
From this viewpoint, the aim of the present paper is to investigate double-diffusive natural convection in rectangular cavity with an aspect ratio (Ar = 4), simultaneously partially heated and salted from the left vertical wall with several specified source locations. In addition, and in order to deepen our knowledge about thermosolutal convection, a special attention will be considered to investigate entropy generation phenomena in the steady and periodic behavior. The study is conducted numerically for a developed unsteady flow regime with various mainly governing parameters, whose influence upon the flow patterns, the temperature and concentration distributions and the heat and mass transfer rates are analyzed and discussed. A particular interest is attributed to quantify entropy generation phenomena present in the flow in terms of Bejan number and local entropy isocontours.
Physical model and formulation

Physical model and governing equations
The physical model consists of a two-dimensional rectangular enclosure illustrated schematically in Fig. 1 . The cavity is of width W and height H (aspect ratio Ar = (H/W)), the dimensionless Cartesian coordinates (X, Y), and the boundary conditions are indicated herein. Gravity acts in the negative Ydirection. The partially heated and salted active vertical left side wall and fully heated and salted active vertical right side wall of the enclosure are maintained at two different but uniform temperatures and concentrations, namely, T h and C c , respectively. The discrete heat and concentration sources with dimensionless length (d = l/W) are separately located on the top-half and bottom-half of the left wall. The dimensionless distance between the center of both sources is designed by g = g 1 À g 2 , where g 1 and g 2 are the source locations. The remaining boundaries of the enclosure are imposed adiabatic and impermeable.
Furthermore, all thermophysical properties of the fluid are taken to be constant except for the density variation in the buoyancy term, where the Boussinesq approximation is considered as follows:
where q 0 is the fluid density at the reference temperature T 0 = (T h + T c )/2 and concentration c 0 = (c h + c c )/2, and b T = À(1/q 0 )(oq/oT) p,C and b C = +(1/q 0 )(oq/oc) p,T are the thermal and concentration expansion coefficients, respectively. By employing the aforementioned assumptions, the conservation equations of mass, momentum, energy and species can be expressed as follows:
The governing Eqs. (2)- (6) 
In the light of assumptions, the mentioned Eqs. (2)- (6) can be expressed in dimensionless form as follows:
Foregoing equations introduce the following dimensionless parameters,
, which denote the Prandtl, buoyancy ratio, Rayleigh and Lewis number, respectively.
Here t is the kinematic viscosity of the fluid, a and D are the thermal and mass diffusivities, respectively, and g is the acceleration due to gravity. Schmidt number can also be introduced as Sc = PrLe. It is to mention that, in the present study, Prandtl number is set equal to unity (Pr = 1) in all computations.
The appropriate initial and boundary conditions are as follows:
Non-slip boundary conditions are imposed over the walls of the enclosure, U = V = 0.
At the impermeable walls,
At the right wall, X = 1, h = À0.5 and C = À0.5. At the local sources:
The local Nusselt and Sherwood numbers are defined at the discrete sources by NuðYÞ ¼ À @h @X
X¼0
and ShðYÞ ¼ À
@C @X
X¼0
, resulting in the average Nusselt and Sherwood numbers as follows:
Sh ¼ 1 Ar
It is worth noting that both Nu(Y) and Sh(Y) are computed by considering three point nodes at the vicinity of the left wall on Figure 1 Geometry of the enclosure with discrete vertical sources, coordinates and boundary conditions. the heat and mass sources in order to guarantee more precision.
Equations for entropy generation
In double-diffusive natural convection problem, the associated irreversibilities are due to heat transfer, fluid friction and diffusion. According to the local thermodynamic equilibrium of linear transport theory [30] [31] [32] , the dimensionless form of local entropy generation S loc due to heat transfer S loc th ; fluid friction S loc fr and to diffusion S loc dif for a two-dimensional heat and mass and a fluid flow is given by the following:
where S loc th , S loc fr and S loc dif are expressed by the following:
where u i (1 6 i 6 3) denotes the irreversibility coefficient ratios defined by the following:
which are taken constant at u 1 = 10
À4
, u 2 = 0.5 and u 3 = 0.01 in the present work.
The dimensionless total entropy generation S tot in the enclosure is given by the summation of the total entropy generation due to heat transfer S th , fluid friction S fr , and diffusion S dif which in turn are obtained via integrating the local entropy generation rates S loc th ;S loc fr and S loc dif over the domain X:
Another dimensionless parameter is considered which is the Bejan number Be representing the ratio of heat and mass transfer irreversibility to the total irreversibility due to heat transfer and fluid friction and defined as follows:
Numerical technique and validation
Numerical technique
The dimensionless Navier-Stokes equations were numerically solved using the following numerical methodology. The temporal discretization of the time derivative is performed by an Euler backward second-order implicit scheme. Non-linear terms are evaluated explicitly; while, viscous terms are treated implicitly. The strong velocity-pressure coupling present in the continuity and the momentum equations is handled by implementing the projection method [33] . A Poisson equation, with the divergence of the intermediate velocity field as the source term, is then computed to obtain the pressure correction and the real velocity field. We have also used a finite volume method on a staggered grid system in order to discretize the system of equations to be solved. The QUICK scheme of Hayase et al. [34] is implemented to minimize the numerical diffusion for the advective terms. The Poisson equation is solved using an accelerated full multigrid method [35] , while the discretized equations are computed using the red and black point successive over-relaxation method [36] with the choice of optimum relaxation factors. Finally, the convergence of the numerical results is established at each time step according to the following criterion:
The generic variable U stands for U, V, P, h or C and, n indicates the iteration time levels. In the above inequality, the subscript sequence (i, j) represents the space coordinates X and Y.
Simulations were performed by using a developed home code named ''NASIM'' [37] [38] [39] using finite volume method and the numerical procedure described above.
Grid independency
The grid independence study was conducted by setting (Pr = 1, Le = 2 and Ra = 10 5 ) with respect to a source length (d = 1). Three different non-uniform grids, namely, 24 · 96, 32 · 128 and 40 · 160 are employed to simulate the double-diffusive natural convection inside the cavity of Ar = 4. Table 1 shows the corresponding values of Nu; Sh; W max ; W min ; U max and V max obtained for the different grids tested. In the present study, independence of numerical results from the mesh size was assumed when the difference in the simulated values computed between two consecutive grids was less than 1%. As it can be observed from the deviation values reported in Table 1 , a non-uniform grid of 32 · 128 is sufficiently fine to ensure the grid independent solution and provides a good compromise between accuracy and CPU time in the range of variables to be investigated. Hence, this grid is used to perform all subsequent calculations.
Code validation
Firstly, we validated the ''NASIM'' code by taking into account the double-diffusive natural convection flow; two test cases are examined corresponding to the study of Morega and Nishimura [8] and also Teamah et al. [12] relatively to two rectangular enclosures with aspect ratios 1 and 2, respectively. The Lewis and Rayleigh numbers were held fixed at Le = 2 and Ra = 10 5 . In Table 2 are listed the average Nusselt and Sherwood numbers at the left wall together with values from both references. Good agreements between the present computation and those of Morega and Nishimura [8] and also Teamah et al. [12] are observed with a maximum relative error within 1.9%. These validations make a good confidence in the present numerical code.
Furthermore, another validation for the present numerical solution is performed for the double-diffusive convection in a rectangular cavity with an aspect ratio 4 studied by Liang et al. [11] . Comparison of our predicted values corresponding to the fundamental frequencies of periodic solutions versus the buoyancy ratio N compared to those obtained by Liang et al. [11] is reported in Table 3 . It is to mention that simulations were made for buoyancy values N in the range (0-1) and a Rayleigh number Ra = 10 5 . As it can be observed from this table, good agreements are found again. We are, therefore, confident that the results reported in our paper are accurate.
On another hand, and in order to demonstrate the performance of the present code in terms of irreversibility phenomena, total entropy generation S tot values obtained at different Rayleigh number and buoyancy ratio values together with those of Magherbi et al. [27] are listed in Table 4 . It should be noticed that the considered validation is performed for the case of an inclined cavity with respect to the horizontal position and with a rotation in the clockwise direction. All results are obtained for the fixed parameters (Sc = 1.5, Le = 2, Pr = 0.75) and with irreversibility coefficient ratio values u 1 = 10 À4 , u 2 = 0.5 and u 3 = 0.01, and with respect to an inclination angle equal to 60°. As it is observed, the maximum relative error is within 1%. This excellent agreement between the present results and those obtained by Magherbi et al. [27] demonstrates the capability of the present code again. Moreover, Fig. 2a demonstrates that the U-velocity component exhibits lower values along the heat and solutal sources. This could attributed to the fact that the mass buoyancy forces act to ensure equilibrium with thermal ones at (N = 1). On the other hand, the areas of relatively high V-velocity magnitude (Fig. 2b ) manifest high transport rate, which are important at the vicinity of the centerline and right part of the cavity. This phenomenon is more pronounced by increasing Rayleigh number value. Fig. 3 illustrates the contour maps for various values of Ra with (N = 1, Le = 2) and corresponding to a source length (d = 1). This situation reveals that the flow is dominated by equal effects of both species and thermal buoyancy forces. As shown in Fig. 3a , describing the isocontours of the stream function W, the flow pattern presents a pair of counter-rotating Table 3 Comparison of fundamental frequencies, f, computed by the present code for different buoyancy ratios N with those obtained by Liang et al. [11] . . The intensity of the flow is increased when Ra reaches 2 · 10 5 and consequently clustering streamline cells are observed around the heat and solutal sources.
Results and discussion
Effects of Rayleigh number
The isotherms and iso-concentrations described in Fig. 3b and c display similar structures but in a reversed manner. In fact, isotherms occupy the upper half enclosure, while those corresponding to concentration field are located at the bottom-half part. The temperature (concentration) field is distorted and stratified in the top (bottom) half core of the enclosure by increasing Ra. As a result, the cold and high-salting fluid is enhanced in the bottom-half core of the cavity. This can be due to the fact that the buoyancy produced by temperature difference forces the fluid flow upwards. Meanwhile, the buoyancy produced by the solutal gradient forces the fluids downwards.
The effects of heat and mass transfer rate against Rayleigh number and for different source lengths (d = 0.25, 0.5, 1 and 2) are also reported in Fig. 4a and b. These figures describe the variation in the kinetic energy E defined by E ¼ . Likewise, the absolute maximum value W max increased by 7 times.
Heat and mass transfer correlations
Calculations were made for wide range of Rayleigh number (10 3 6 Ra 6 2.10 5 ) with different source lengths (d = 0.25, 0.5, 1 and 2). Fig. 5a and b demonstrate the relationships of double-diffusive convection parameters Nu and Sh numbers with Rayleigh number and the dimensionless source length d. It is seen that both Nu and Sh increase with increasing Ra as expected. This figure approves a linear dependency of the variation in the average Nusselt and Sherwood numbers on the source length, which implies that the strength of the convective motions is enhanced for longer source length. Thus, based on the numerical results of the double diffusion convection in the rectangular enclosure, two correlations of the average Nusselt and Sherwood number were developed as a function of the parameters Ra and the dimensionless length d.
The Nusselt number correlation with Ra and d for the natural convection is found to be as follows: 
The investigation of the numerical data of the Sherwood number implies the following correlation: In order to test the accuracy of the obtained correlation, numerical results were compared with the values predicted from correlation. This comparison is shown in Figs. 6 and 7. It is seen that the correlation under-predicts the numerical data from simulations number. In fact, the trends of the obtained values from correlation and the measured data are almost the same. The predicted correlation was consistent with the numerical data, with a standard deviation from the simulated values of 6.9% for Nu and a standard deviation of 7.3% for the Sherwood number correlation. Hence, the results computed using the numerical simulation and the correlation are in reasonable agreement and the correlation results may be used instead of actual code simulation.
Effects of source location
To demonstrate the influence of the source location on heat and mass transport phenomena, several simulations were performed for different dimensionless distances g between the center of thermal and contaminant source. The remaining parameters Ra, Le, and N are kept fixed at 10 5 , 2 and 1, respectively. Computations were carried out with respect to a dimensionless source length (d = 0.5).
Streamlines, isotherms and concentration isocontours, are plotted in Fig. 8 for different g values in the range 0 6 g 6 3 . Four cases were considered corresponding to g = 3, 2, 1, 0 denoted by case 1, case 2, case 3, and case 4, respectively. As shown in the sub- Fig. 8a , streamlines reveal two counter-rotating cells localized at the upper and the lower part of the enclosure. The clockwise ones are located at the vicinity of the lower solutal source, while the anti-clockwise rolls occupy the upper half cavity near the heat source. According to the first three cases, as both sources approach toward the center, the upper and lower eddies are increased in size occupying the whole volume of the cavity. However, for the case 4 where the two sources are superimposed, the flow undergoes a periodic behavior which explains the dramatic change in the isocontours trends and leading to strange structures.
On the other hand, the thermal and solutal field distributions are illustrated in terms of h and C isocontours reported in Fig. 8b and c. As expected, the temperature field in the lower half cavity is observed to be cooler (Fig. 8b) where the flow remains at rest due to the imposed initial conditions. Whereas, as the thermal source is approached to the cavity center (g fi 0) a strong vertical thermal gradient prevails in the upward direction. In fact, the isotherms are skewed toward the upper region and show unstable stratification above the thermal source. This can be due to the clockwise rotational motion of the upper cells that inhibit further downward heat propagation. As a consequence, heat transfer phenomena remain dominant in the upper half cavity that corresponds to the third case.
Aforementioned flow structures reveal that the solutal cells rotate in the counter-clockwise direction, giving rise to an inverse trend of the concentration field as observed in Fig. 8c . In fact, contaminant diffusion remains ascendant below the solutal element.
In terms of thermal and solutal buoyancy effects, it can be seen from Table 5 that the average Nusselt and Sherwood numbers increase monotonously by making the corresponding sources closer for the three first cases for where the condition (N = 1) is applied, which means that the flow is equally dominated but with destabilizing effect of both thermal and solutal buoyancies. As a result, heat and mass transfer rates are strengthened by decreasing g from 3 to 1.
Combined effects of source length and buoyancy ratio
In this section, the combined effects of the source length d and buoyancy ratio N are studied for g = 2 and Ra = 10 5 . All results are presented for a buoyancy ratio N ranging from À8 to +8 which is to said that N changed from opposing flow (N < 0), to limit flow (N = 0) and then to aiding flow (N > 0). In order to compare these flow regimes, three examples of heat and mass isocontours are displayed in Fig. 9 for N = À8, 0 and +8, respectively. Fig. 9 displays the heat and mass isocontours for N = À8, 0 and +8, respectively. For N = À8, where the thermal and species gradients are opposite, isocontours of the temperature h and concentration C demonstrate that the flow is intensified at the upper part of the enclosure. This would conclude that for an opposing flow (N < 0), a thermal domination occurs. At the limit situation (N = 0), double-diffusive flow is driven solely by the buoyancy effect associated with temperature gradients, while the solutal contribution becomes negligible. This may be due to the fact that, contrary to temperature field; the concentration field becomes a passive scalar which is decoupled from the momentum equation.
At the aiding flow situation (N > 0) and as N increased from 0 to 8, species structures are more horizontally stratified, while thermal contribution seems not to be much modified when compared to the isotherms corresponding to (N = 0). It is to suggest that mass transport is more affected as the buoyancy ratio is augmented over the unit.
The variation profiles of the kinetic energy E depicted in Fig. 10 indicate that the flow intensity decreases by gradually increasing N from À8 to 0 and reaches its minimum at (N = 0). Compared to opposite flow situation, the kinetic energy is weaker in the case of the aiding flow.
The combined effects of buoyancy ratio (N) and dimensionless source length (d) on the average Nusselt and Sherwood numbers are depicted in Fig. 11 with upward heat transfer and downward mass transfer, respectively for Ra = 10 5 and Le = 2. Regardless the source length (d), both average Nusselt and Sherwood numbers reach their minimum values at (N = 0) which agrees with the minimum energy also reported in Fig. 10 for the same buoyancy ratio value.
It can be seen from Fig. 11 that, for opposite flows (N < 0), the heat and mass transfer rates decrease by augmenting the buoyancy ratio. As N is increased (aiding flows), the solutal transport rate is observed to increase with N, in contrast the thermal transport rate remains unexpectedly stagnant. The Sherwood number variation with respect to buoyancy ratio seems to be more important which indicates a solutal-dominated flow for (N > 0) as shown in Fig. 11b . It is worth noting that heat and mass transfer phenomena are enhanced for large source length d because double-diffusive convection is obviously augmented by enlarging source areas. Fig. 12 illustrates the combined effects of the source length d and Lewis number Le in the range 10-100 with g = 2, and Ra = 10 5 . It is known that for double diffusion problems (Le > 1), N should be negative and less than one to well demonstrate the flow pattern and the heat and mass potentials, hence we have chosen to carry out computations with a buoyancy ratio value (N = À8). Similarly to Fig. 11 , the combined effects of Le and d are depicted in Fig. 12 with upward heat transfer and downward mass transfer, respectively.
Combined effects of source length and Lewis number
As shown in Fig. 12a , the Nusselt number slightly decreases with Lewis number at all source length values. A diminution of 28% has been observed according to the largest source length (d = 2). In contrast, considering the opposing flow situation (N = À8), mass transfer rate is greatly enhanced by augmenting Le. Therefore, the Lewis number enhances the species buoyancies while it lowers thermal ones. It is also observed that the variation in Nu and Sh is clearly dependent on the source length d. In fact, higher values of the Nusselt and Sherwood numbers are obtained for the longest source (d = 2).
Using the numerical results, the following correlation is obtained for the average Nusselt number for opposing flow The average Nusselt number obtained from the above correlation together with the numerical results is presented in Fig. 13a . As shown in Fig. 13b , a good agreement is observed A parity plot between Sh obtained from simulations and the proposed correlation is shown in Fig. 14a . Acceptable agreement can be also shown in Fig. 14b which gives the standard deviation value. In fact, only some values passed the maximum standard deviation of 10%, and 90% of the correlated data did not exceed the 6% as a relative error compared to the values obtained from simulation.
If the effect of the source length on the double-diffusive convection is only considered, the main parameters are fixed to Ra = 10 5 , N = +8, and Le = 2; several flow patterns are reported in Fig. 15 in terms of streamlines (at the top), isotherms (at the middle), and solutal isocontours (at the bottom). For the lowest value of source length d = 0.25, heat and mass phenomena are weakened and mainly localized in the top and bottom enclosure, respectively. In fact, streamlines depicted in Fig. 15a reveal bi-cellular solutions indicated by the presence of two counter-rotating cells that appreciably become more voluminous as the length approaches its maximum value d = 2. Moreover, the structures formed at the upper region relative to the thermal source and those induced at the lower part close to the concentration source are strengthened significantly. In particular, the solutal isocontours seem to be thinner than those of thermal ones. This phenomenon is identified by a stronger horizontal stratification of isocontours of the concentration C when varying d from 0.25 to 2. This would conclude that heat and mass transfer rates have been enhanced greatly such that the length source has become 8 times larger.
Entropy generation in steady case
In this section, the results are presented in terms of total entropy generation profiles and isocontours of local entropy generation according to the steady case as analyzed in the above sections. The predictions include different values of the buoyancy ratio N (À6 < N < 6) while the remaining governing parameters are kept fixed (Ra = 10
To demonstrate the effects of the buoyancy ratio N on the irreversibility phenomena present in the flow, total entropy generation profiles are illustrated in Fig. 16 .
According to the total entropy generations S th and S dif (Fig. 16a) due to the diffusion and to heat transfer, respectively, and for the opposing flow case (N < 0); rate of irreversibility criterion falls with increasing the buoyancy ratio number showing a minimum value of S dif at N = 0. This predicted minimum is due to a reduction in excessive solute gradients at this specific value. For the aiding flow case, S dif grows monotonously with N, whereas, as can be witnessed from Fig. 16a , S th remains nearly constant similarly to the average Nusselt number profile (Fig. 11a) . On another hand, the comparison between both Fig. 16a and b, reveals that total entropy generation values due to fluid friction S fr are considerably greater than those due to diffusion and to heat transfer, which means that irreversibility phenomena are dominated by S th . As a result, the total entropy generations S tot and S fr values are almost the same as shown in Fig. 16b . This figure shows a decreasing trend of both S tot and S fr for the opposing flow case in contrast, a growing behavior is observed according to the aiding flow case (N > 0). Fig. 17 shows the local entropy generation due to heat transfer, diffusion, and friction, named as S It is worth noting from Fig. 17 that the entropy generation occurs only at the vicinity of the active vertical walls while the whole cavity core remains in an equilibrium state.
Due to the presence of the heating source at the top-half of the cavity, S loc th contours (Fig. 17a) exhibit moderate level values at these locations. Likewise, significant S loc dif contour levels (Fig. 17b) are observed in the half bottom enclosure at the vicinity of the salted sources. The isocontours of local entropy generation, S 
Double-diffusive natural convection and entropy
As is observed, and especially for the opposing flow case, the contours undergo a symmetric behavior and seem to be more and more digested and elongated at the parallel vertical walls.
On the periodic behavior of the flow
An interesting feature exhibited by the double-diffusive flow is the occurrence of a periodic oscillatory behavior at the specific parameters Ra = 10 5 , and Le = 2 with respect to the source length d = 2. Several computations were carried out for a range buoyancy ratio values between 0 and 1 with a step size DN = 0.1.
The flow undergoes oscillatory behavior for strict values of N in the range (0.87-0.99) outside of which the flow remains steady. Liang et al. [11] have mentioned periodic solutions of the double-diffusive convection in a rectangular enclosure with an aspect ratio 4 without discrete sources for a range of N (0-1) similar to the present case.
To prove the periodic trend of the flow, the time signal of the U-velocity component for monitoring point localized at the center of the cavity is depicted in Fig. 18a for a chosen value N = 0.88. The associated spectrum plot is reported in Fig. 18b with a frequency value of almost f = 23.2. The investigation using Fast Fourier frequency spectrum analysis indicates that the U-frequency values have a decreasing trend with increases in buoyancy ratio N as shown in Fig. 19 . As we can see from this figure, as N is augmented, the flow loses his periodic trend. This may be due to the fact that solutal buoyancies become dominant for the present aiding flow.
To understand the phenomenon further, time history of streamlines during eight moments of a period of oscillation at N = 0.88 is shown in Fig. 20 . At the non-dimensional time s = H/8, it is observed only a large primary vortex that grows from the center cavity and elongated symmetrically at its two extremities where two small secondary vortexes occur. This shape is slightly modified underway the next moment H/4. At s = 3H/8, the two secondary vortexes vanish and merge with the primary cell at the half period H. For the next moment 5H/8, the primary vortex starts to become less voluminous until the reappearance of the secondary extended cells from the instant 6H/8. With time advancing, the two secondary rolls grow in size until the end of period is reached where the flow will be reproduced.
Entropy generation and average Bejan number
As previously mentioned in the Section 4.7, the flow undergoes a periodic behavior which has been illustrated in terms of streamlines in Fig. 20 . According to this flow state, we attempt to evaluate the importance of the flow irreversibility factor by analyzing the local entropy generation contours within the enclosure during eight moments of a period of time H, at N = 0.88 (Ra = 10 5 , Le = 2, and d = 2), shown in Fig. 21 . From this figure one can confirm that irreversibility phenomena are absent within the enclosure except at the vicinity of the active vertical walls especially at zones which present high velocity gradients. This is in fair accordance with the flow patterns previously presented in terms of streamlines (see Fig. 20 ) due to the fact that entropy generation is mainly dominated by the friction flow effects. On another hand, local entropy generation isocontours displayed in subfigures (Fig. 21b-e) are more apparent than those present in the remaining subfigures and show similar shapes. This is mainly due to the appearance or disappearance of secondary vortices observed in Fig. 20 . In the same vein, and in order to demonstrate the strong relationship between entropy generation and friction motion, we present in Fig. 22 the variation in both S loc and |W| maxima against the eight different parts of the period H. From this figure, good concordances are observed between S loc and |W| max profiles which reveals strong entropy generation for higher flow friction rate.
Finally, temporal variations in the total entropy generation S tot and the Bejan number Be during the eight moments of a period of time, represented in Fig. 23 , reflect the periodic behavior of the flow observed at N = 0.88. As it is observed, both variations show an oscillatory trend. In fact, S tot and Be, which presents the ratio of heat and mass transfer irreversibility to the total irreversibility due to heat transfer and fluid friction, seem to oscillate with the same period but in opposing phases and with different amplitudes. 
Conclusion
Double-diffusive natural convection in a two-dimensional enclosure with an aspect ratio 4, partially heated and salted from the left vertical wall is investigated in the present study. A finite volume code with the help of a full multigrid acceleration is employed for the numerical simulations. Comparisons with previously published works on special cases of the studied problem were performed and found to be in good agreement.
Firstly, the effects of the main parameters (Rayleigh number, buoyancy ratio, source length, Lewis number and source location) on the heat and mass transfer rates are considered. It is determined from the profile of the velocity components, kinetic energy E and the maximum stream function value W max , that the heat and mass transfer rate is significantly enhanced when the Rayleigh number increases. In addition, the effect of source location is also discussed with the practical visualizations of streamlines, isotherms and concentration isocontours with respect to a source length (d = 0.5). Observations of streamlines reveal two counter-rotating cells localized at the upper and the lower part of the enclosure, while thermal and contaminant isocontours exhibit opposite trends. It is observed that making sources closer and discrete enhances the flow intensity.
In terms of the combined effects of the buoyancy ratio N and source length d on heat and mass transfer rates, it is shown that these rates are intensified when the values of N increase according to the aiding flow case (N > 0). However, mass transfer rate is observed to be more affected as the buoyancy ratio is augmented over the unit; and hence a solutal-dominated flow occurs at the aiding situation. Furthermore, the flow rate is strongly intensified as the source length d becomes longer for both aiding and opposing situations. At a fixed Rayleigh number Ra = 10 5 and a buoyancy ratio value (N = À8), the gradual increase in the Lewis value enhances the solutal buoyancies while it lowers thermal ones. Optimal heat and mass transfer rates were obtained for longer source lengths. In addition, correlations of average Nusselt and Sherwood numbers are established as a function of two parameters (Ra, d) and (Le, d), respectively. Comparisons of the numerical results with those obtained from all correlations show good agreements.
In terms of irreversibility phenomena at the steady case, comparison of total entropy profiles with respect to N shows that total entropy generation values due to fluid friction S fr are considerably greater than those due to diffusion and to heat transfer, which means that irreversibility criterion is dominated by S fr . Furthermore, and according to opposing flow case (N < 0), S tot and S fr were seen to decrease with augmenting the buoyancy ratio values, while a growing trend is observed for the aiding flow case (N > 0). Besides, investigation of isocontours relative to entropy generation shows that the irreversibility phenomena occurs only at the vicinity of the active vertical walls while the whole cavity core remains in an equilibrium state. Moreover, The isocontours of local entropy generation, S loc fr , due to fluid friction were observed to be similar to those of S loc , and seem to be digested and elongated at the parallel vertical walls with symmetric behavior especially for the opposing flow case.
Of particular interest are the transitions from steady regimes of double-diffusive natural convection to the oscillatory regimes at Ra = 10 5 , d = 2 and N in the range (0.87-0.99) outside of which it remains steady. It is shown that the period of oscillations decreases monotonously with decreasing N. This periodic trend was observed with the help of the time history of streamlines. According to irreversibility phenomena at the periodic state, analysis of the local entropy generation contours during several moments of a period of time show irreversibility criterion is absent within the enclosure except at the vicinity of the active vertical walls especially at zones which present high velocity gradients. Moreover, and at eight temporal instants of a period, total entropy generation S tot and Bejan number seem to oscillate with the same frequency but in opposing phases and with different amplitudes.
